We have observed and characterized two new double Rydberg anions N 6 H 19 − and N 7 H 22 − through their anion photoelectron spectra. The vertical detachment energies of these anions were found to be 0.443 and 0.438 eV, respectively. In addition, for three of the seven double Rydberg anions now known, we measured photodetachment transitions not only to the ground electronic states of their corresponding neutral Rydberg radicals but also to their first electronically excited states. In each spectrum, the energy spacing between the resulting peaks provided the ground-to-first electronically excited-state transition energy for the double Rydberg anion's corresponding neutral Rydberg radical. For the radicals, N 4 H 13 , N 5 H 16 , and N 6 H 19 , the spacings were found to be 0.83, 0.70, and 0.67 eV, respectively. These values are in excellent agreement with ground-to-first excited-state transition energies measured in absorption for the same neutral Rydberg radicals by Fuke and co-workers ͓Eur. Phys. J. D 9, 309 ͑1999͒; J. Phys. Chem. A 106, 5242 ͑2002͒.͔ The duplication of this neutral Rydberg property by photodetachment of double Rydberg anions further confirms that double Rydberg anions are indeed the negative ions of their corresponding neutral Rydberg molecules and cluster-like systems.
We have observed and characterized two new double Rydberg anions N 6 H 19 − and N 7 H 22 − through their anion photoelectron spectra. The vertical detachment energies of these anions were found to be 0.443 and 0.438 eV, respectively. In addition, for three of the seven double Rydberg anions now known, we measured photodetachment transitions not only to the ground electronic states of their corresponding neutral Rydberg radicals but also to their first electronically excited states. In each spectrum, the energy spacing between the resulting peaks provided the ground-to-first electronically excited-state transition energy for the double Rydberg anion's corresponding neutral Rydberg radical. For the radicals, N 4 H 13 , N 5 H 16 , and N 6 H 19 , the spacings were found to be 0.83, 0.70, and 0.67 eV, respectively. These values are in excellent agreement with ground-to-first excited-state transition energies measured in absorption for the same neutral Rydberg radicals by Fuke and co-workers ͓Eur. Phys. J. The term Rydberg radical refers to neutral molecular or cluster-like systems which are composed of a closed-shell cation and a hydrogenic ͑Rydberg͒ electron. 1 The closedshell cation at the core of a Rydberg radical is itself a protonated molecule. For instance, the simplest ammonia-based Rydberg radical is NH 4 , and it could have been denoted as ͑NH 4 + ͒ − . There is growing evidence for the role of Rydberglike moieties in chemical phenomena. The Rydberg radicals, NH 4 ͑NH 3 ͒ n−1 , have been postulated as the crucial intermediates in hydrogen atom transfer reactions 2 occurring in the excited states of clusters such as phenol-͑NH 3 ͒ n . The presence of hydronium cations and diffuse electrons ͓H 3 O +¯e− ͔ are central to an alternative model of the hydrated electron. 3 The positively charged arms of ␣-amino acid zwitterions ͓−R-N + H 3 ͔ are cationic precursors to Rydberg radicals, and excess electrons attaching to zwitterions might associate themselves with these cationic moieties to form Rydberg radical-like centers. 4, 5 In addition, there has been speculation for many years that ammoniated NH 4 radicals are involved in reactions of ammoniated electrons and in their electrochemistry. [6] [7] [8] [9] The term, double Rydberg anion refers to the negative ions of ͑neutral͒ Rydberg radicals. Double Rydberg anions are composed of a closed-shell cationic core and two Rydberg-like electrons. The simplest ammonia-based, double Rydberg anion is NH 4 − , and it could have been denoted as
Some time ago, 10 we discovered NH 4 − through its anion photoelectron spectrum, and we interpreted it as described above. Theoretical studies by Ortiz, 11 Gutowski et al., 12 and Matsunaga and Gordon 13 all supported that interpretation. In the meantime, we discovered four more double Rydberg anion analogs, having the stoichiometry,
In each case, we measured the photodetachment transitions between their ground electronic states and the ground electronic states of their corresponding neutral Rydberg radical.
14 All of these spectra were dominated by narrow peaks at low electron binding energies ͑0.4-0.5 eV͒ with one or more weaker intensity features, lying at slightly higher electron binding-energy values and due to vibrations of the neutral. This distinctive spectral signature is typical of highly diffuse, excess electron states. In addition, we observed three examples of double Rydberg anions solvated by ammonia, i.e., the anion-molecule complexes, NH 4 − ͑NH 3 ͒ 1 , NH 4 − ͑NH 3 ͒ 2 , and N 2 H 7 − ͑NH 3 ͒ 1 . These are true solvated double Rydberg anions with their own spectral features, and as such, they are distinct from other ͑N n H 3n+1 ͒ − , species, in which all of the ammonia molecules in a given species appear to be part of its hydrogen-bonded cationic core. As examples, compare NH 4 − ͑NH 3 ͒ 1 versus N 2 H 7 − in our experimental study 14 and in Ortiz's theoretical study. 15 Here, we report finding two more double Rydberg anion systems, N 6 H 19 − and N 7 H 22 − . In both cases, we measured the photoelectron transitions between their ground electronic states and the ground electronic states of their corresponding neutral Rydberg radicals. In addition, for three of the seven double Rydberg anions now known, we have also measured photoelectron transitions between their ground electronic states and the first, electronically excited states of their corresponding neutral Rydberg radicals.
Negative-ion photoelectron spectroscopy is conducted by crossing a mass-selected beam of anions with the fixed- frequency photon beam and energy analyzing the resultant photodetached electrons. This technique is governed by energy-conserving relationship, h = EKE+ EBE, where h is the photon energy, EKE is measured electron kinetic energy, and EBE is electron binding energy. Knowing the photon energy and measuring the electron kinetic energy yields the electron binding energy for each observed transition directly. Our anion photoelectron spectrometer consists of a nozzle ion source, ion transport optics, a 90°magnetic sector mass selector ͑resolution ϳ400͒, an argon-ion laser operated intracavity ͑ϳ150 circulating W at 4880 Å͒, and a hemispherical electron energy analyzer ͑resolution ϳ25 meV͒. Photoelectron spectra in this study were recorded with 2.54 eV photons and were calibrated against the well-known 16 photoelectron spectrum of NO − . The entire apparatus has been described previously in detail. 17 Double Rydberg anions were generated in a supersonic expansion, nozzle ion source in which 1 -3 atm of pure ammonia was expanded through a 23-m-diameter nozzle into high vacuum. A negatively biased, thoriated iridium filament near the expansion provided electrons, and a magnetic field confined the resulting microplasma just outside the nozzle. The filament bias voltage was maintained between −40 and −70 V relative to the nozzle stagnation chamber which itself was biased at −500 V. The filament emission current was typically ϳ2 mA. Electrons, neutral molecules and clusters, anions, and cations all had the opportunity to interact in this environment. Only the negatively charged species would have been extracted into the spectrometer.
One Each of these three systems exhibited two electronic transitions ͑peaks͒, with the energy spacing between them being a measurement of the ground-to-first excited electronic transition in the neutral Rydberg radical. Figure 2 shows a schematic for such transitions. These two transitions in N 4 H 13 − are labeled G and G1, and the G1-G spacing is 0.83 eV. ͑Peaks g1 and g2 are due to vibrational excitations.͒ These two transitions in N 5 H 16 − are labeled H and H1 and the H1-H spacing is 0.70 eV. ͑Peak h1 is due to a vibrational excitation.͒ These two transitions in N 6 H 19 − are labeled I and I1, and the I1-I spacing is 0.67 eV. In each case, the higher EBE peak is broader than the lower EBE peak, suggesting a structural difference between the ground and first excited neutral states. While Table I includes these new values, it also brings all measured values relating to experimentally observed double Rydberg anions and their larger analogs up to date. The electronic absorption spectra of several neutral Rydberg radicals, N n H 3n+1 , n =2-7, have been measured by Fuke and co-workers 22,23 using a photodissociation, pumpprobe technique coupled with time-of-flight mass spectrometry. Since their experiment provided ground-to-first excitedstate electronic transition energies for neutral Rydberg systems directly, it afforded the opportunity to check whether our measured peak spacings ͑the ground-to-first electronically excited-state energy differences in the neutral Rydberg radical͒ are the same. Making this comparison is valid, even though the values were obtained by two different experimental techniques. Since the lowest EBE peak in each spectrum is relatively narrow, the structures of the ground states of the double Rydberg anions and their corresponding neutral Rydberg radicals can be presumed to be very similar. Thus, any energy effects due to structural differences between the two neutral Rydberg states will be similarly reflected in the peak maxima of both the absorption and the photoelectron spectra.
For the spectrum of N 4 H 13 − , our peak spacing is 0.83 eV, while the ground-to-first excited-state transition energy of neutral N 4 H 13 , measured by absorption, is 0.81 eV. For N 5 H 16 − , our peak spacing is 0.70 eV, while the transition energy of neutral N 5 H 16 , again measured by absorption, is 0.71 eV. For N 6 H 19 − , our peak spacing is 0.67 eV, while the transition energy of neutral N 6 H 19 , measured by absorption, is 0.69 eV. Given that the uncertainty in each of these six values is about ±0.06 eV, the agreement is quite good.
Since we were able to duplicate the known, ground-tofirst excited-state electronic transition energies in neutral Rydberg systems by photodetaching electrons from their stoichiometrically corresponding double Rydberg anions, the implication is that double Rydberg anions are indeed the negative ions of neutral Rydberg systems. This quantitative connection between double Rydberg anions and their corresponding neutral Rydberg systems further confirms their relationship.
